&%, PURPOSE-LED

JPhys Energy ¢# PUBLISHING"
PAPER « OPEN ACCESS You may also like

-+ . . . . . . e - Defect eng‘ingering in B}iVO Qhotognodes:
Li" diffusion in crystalline lithium silicides: T
influence of extrinsic point defects and structural Qiuhua Liang, Hassan Ouhbi, Nicklas

. Osterbacka et al.
complexity

water splitting obtained with a generative
. . . . . diffusion model
To cite this article: Christoph Kirsch et al 2026 J. Phys. Energy 8 015004 Matthew D Witman, Reese E Jones,

Andrew J E Rowberg et al.

- Hydroxylammonium formate-assisted
crystal regulation of -FAPbI,,

View the article online for updates and enhancements.

- Metal oxide candidates for thermochemical

Yu-Na Lee, Yu-Na Kim, Hwa-Jin Lee et al.

Your Lab in a Box! EL-CELL

electrochemical test equipment
The PAT-Tester-i-16 Multi-Channel Potentiostat for Battery Material Testing!

v/ All-in-One Solution with Integrated Temperature Chamber (+10 to +80 °C)!
No additional devices are required to measure at a stable ambient temperature.

v Fully Featured Multi-Channel Potentiostat / Galvanostat / EIS!
Up to 16 independent battery test channels, no multiplexing.

v Ideally Suited for High-Precision Coulometry!
Measure with excellent accuracy and signal-to-noise ratio.

v/ Small Footprint, Easy to Setup and Operate! -
Cableless connection of 3-electrode battery test cells. Powerful EL-Software included.

Learn more on our product website: Download the data sheet (PDF): Or contact us directly:

. +494079012-734
& sales@el-cell.com

PN

&  www.el-cell.com

Scan me!

This content was downloaded from IP address 141.48.67.87 on 12/12/2025 at 08:54


https://doi.org/10.1088/2515-7655/ae175e
https://iopscience.iop.org/article/10.1088/2515-7655/ae1061
https://iopscience.iop.org/article/10.1088/2515-7655/ae1061
https://iopscience.iop.org/article/10.1088/2515-7655/ae1061
https://iopscience.iop.org/article/10.1088/2515-7655/ae1061
https://iopscience.iop.org/article/10.1088/2515-7655/ae1061
https://iopscience.iop.org/article/10.1088/2515-7655/ae1061
https://iopscience.iop.org/article/10.1088/2515-7655/ae163f
https://iopscience.iop.org/article/10.1088/2515-7655/ae163f
https://iopscience.iop.org/article/10.1088/2515-7655/ae163f
https://iopscience.iop.org/article/10.1088/2515-7655/ae1060
https://iopscience.iop.org/article/10.1088/2515-7655/ae1060
https://iopscience.iop.org/article/10.1088/2515-7655/ae1060
https://iopscience.iop.org/article/10.1088/2515-7655/ae1060
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjstCG4_at5S3uyDVnMOqVX4GzE2fpnxLwahviVUHfsKUczFdEG0kCW5VNlc5drvoO9yHwznLgeVIGEMeznXzKC7XnruySB_CmEwltdB5P0fRhKqO4AEbfhyNZ9yTPX4vmxpCNVRLQo4xqtWFxuBlCBTFbnoGFoNxynXX0lmBGkoI3RkFQR2_7fwk0UrURS9G-S0JXXzwoCQScaQxM5AVvtDXjhSfB6v-XlkzSevyTRiZEUp5mioCFWoasYD8-GfFJpsH_WZsU8CnsEojgfqBxilqCQs0dNUxu3gp9JsORA1V5lJ0f2-JJxU_bvr5WUKFHmjk-ZbNs9BTXMB9CRx9CA73jccYddJWcGIjcn1g8R05iv-tCSE6_5c9&sig=Cg0ArKJSzAqRDS4HqB5q&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.el-cell.com/products/pat-battery-tester/pat-tester-i-16/%3Fmtm_campaign%3Diop%2520pdf%2520advert%26mtm_kwd%3Dpat-tester-i-16%26mtm_source%3Dpdf%26mtm_cid%3D2025

10P Publishing

W) Check for updates

OPEN ACCESS

RECEIVED
16 June 2025

REVISED
7 October 2025

ACCEPTED FOR PUBLICATION
24 October 2025

PUBLISHED
6 November 2025

Original Content from
this work may be used
under the terms of the
Creative Commons

Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

J. Phys. Energy 8 (2026) 015004 https://doi.org/10.1088/2515-7655/ae175¢e

Journal of Physics: Energy

PAPER

Li* diffusion in crystalline lithium silicides: influence of extrinsic
point defects and structural complexity

Christoph Kirsch'

1 Martin-Luther-University Halle-Wittenberg, Institute of Chemistry, Theoretical Chemistry, Von-Danckelmann-Platz 4, 06120 Halle
(Saale), Germany

2 Tlmenau University of Technology, Theoretical Solid State Physics, Weimarer Strafe 32, 98693 Ilmenau, Germany

* Author to whom any correspondence should be addressed.

, Christian Drefiler’ and Daniel Sebastiani'*

E-mail: daniel.sebastiani@chemie.uni-halle.de

Keywords: first principles molecular dynamics simulations, lithium diffusion, lithium—ion batteries, silicon anodes, extrinsic defects,
crystal structure complexity

Supplementary material for this article is available online

Abstract

Li;5Siy, which forms in Si anodes for Li-ion batteries upon full lithiation, belongs to a class of bin-
ary crystalline lithium-silicon compounds Li,Si,. In this study, by combining ab initio molecular
dynamics simulations and nudged elastic band calculations, the impact of isovalent extrinsic point
defects on Li diffusion in Li; Siy, Li;,Si7, Lij3Sig, and Li;sSiy is explored through the incorpora-
tion of Na and Ge atoms. Since Na interstitials turn out to be unstable, larger elements are identi-
fied as substitutional atoms in these compounds. Overall, both cationic and anionic substitution
have only minor effects on Li mobility. Energy barriers for Li migration marginally increase near
Na and Ge atoms and decrease at larger distances. Na migration energies are approximately 30%
higher than those of Li atoms. Moreover, defect formation energies in stoichiometric Li,Si, systems
are shown to be inversely correlated with crystal structure complexity.

1. Introduction

High-performance energy storage technologies, like advanced rechargeable batteries, are required, for
example, for electric vehicles and the efficient use of renewable energies. Lithium-ion batteries (LIBs)
have not only been the standard in portable electronics for a long time, but they have also been estab-
lished in modern electric cars. To facilitate their application in larger-scale energy storage systems, a
primary aim is to improve the LIBs’ energy density, with research efforts focusing on finding new elec-
trode materials, which is crucial for achieving this enhancement [1, 2].

Silicon is a promising material for high-capacity anodes in next-generation LIBs. When fully lithiated
to LijsSiy, Si has a gravimetric energy density of 3579mAhg™" [3], enabling it to store nearly ten times
more Li than graphite, the most often commercially used anode material, that has an energy density of
372mAh gf1 for LiC¢ [4]. However, mechanical failures in silicon anodes notably reduce their cyclab-
ility, which imposes a significant barrier to the replacement of graphite in LIBs. This issue arises from
the substantial structural and volumetric changes that occur during the charging/discharging process.
For instance, crystalline Si experiences approximately a 380% volume increase when forming Li;sSig [3].
In contrast, only a 13% volume expansion to LiCs and minor structural changes result from reversible
intercalation of Li ions between graphite layers during lithiation. Consequently, only minimal capacity
loss is caused by multiple lithiation/delithiation cycles in graphite anodes [4, 5]. To address the diffi-
culties in cycling silicon anodes, researchers are extensively investigating the use of silicon nanostructures
and composite materials. Hollow, porous, or yolk-shell nanoarchitectures accommodate volume expan-
sion through internal voids, and in composites, soft conductive matrices, such as carbon, buffer these
volume changes and maintain electronic and ionic contact [3].

© 2025 The Author(s). Published by IOP Publishing Ltd
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Electrochemical lithiation of a crystalline silicon electrode at room temperature generates amorphous
Li,Si [6], crystallizing to Li;5Sig at x =3.75, beyond which no additional lithium can be inserted [7, 8].
Upon delithiation of Li;5Si4, the material reverts to amorphous Li,Si and ultimately becomes amorph-
ous Si [7, 8]. Although Li;5Si4 is the only crystalline Li,Si, compound identified during the cycling of a
silicon anode under standard conditions [9], several others—Li;Si; [10], Li;,Si; [11], Li;Siz [12], Li;3Sis
[13], B-LiysSis [14], Lis11Siy [15], Lizi Sis [16], Lij7Sis [17] and Li;Sis [18]—have been synthesized at
higher temperatures or pressures. Crystalline lithium-silicon compounds are characterized as Zintl-like
phases based on their electronic structure [19, 20].

Diffusion coefficients are among the various physical quantities significantly affected by the presence
of crystallographic defects in solids [21]. Such defects have different dimensionalities and can be intrinsic
or extrinsic in nature. Intrinsic point defects include self-interstitials, vacancies, Schottky and Frenkel
disorder, while extrinsic point defects are, for example, interstitial and isovalent or aliovalent substitu-
tional foreign atoms. Computational research often focuses on point-defect-mediated diffusion mechan-
isms in solids, such as vacancy, interstitial, and interstitialcy mechanisms, because they typically require
lower migration barriers than non-defect direct exchange, ring, and chain-like mechanisms [21]. As the
knowledge gained from studying elementary migration mechanisms in crystalline compounds may be
relevant to describing, for instance, amorphous systems within multiscale models, exploring lithium dif-
fusivity in ordered Li silicides can be essential for enhancing the design of silicon anodes.

Experimentally, lithium diffusivity in amorphous Li,Si has been measured using cyclic voltammetry,
electrochemical impedance spectroscopy, and the galvanostatic intermittent titration technique [22], and
the mechanisms of the electrochemically driven solid-state amorphization in Li-Si compounds [23] and
of the phase transition from a-Li,Si to c-Li;sSis [24] have been investigated by microscopy and electron
energy loss spectroscopy. Coulometric titration found Li diffusion coefficients around 6.0 x 107> cm? s~}
in crystalline Li;;Si7, Li;Sis, Lij3Sis, and Liy;Sis at 415°C [25], while NMR studies have assigned distinct
Li mobilities to specific crystallographic sites in Li;;Si; [26], as well as in Li;Si3, Lij3Sis, and Lij5Siy [27].
Moreover, in Lij;Si;, a one-dimensional Li diffusion process with an activation barrier of 0.18 eV was
distinguished from two three-dimensional processes (0.32 eV and 0.55eV) [28, 29].

Computationally, nudged elastic band (NEB) calculations have been used to analyze single lithium
ion migration in both amorphous [30, 31] and crystalline Si, focusing on diffusion mechanism and
energetics [32], electronic structure [33], the effect of strain [34], and comparing the Li-Si system with
Na-Si [35], Li-Ge and Li-Sn [36]. Additionally, Li diffusion in amorphous Li,Si [37, 38] and the pro-
cess of mixing lithium with amorphous [39] or crystalline [39, 40] silicon have been studied by means
of ab initio molecular dynamics (AIMD) simulations. Moreover, NEB calculations and AIMD simulations
were performed to characterize Li diffusivity in the crystalline compounds Li; Si; [41], Lij,Si; [42], and
Li;3Siy [43]. Two studies examined all three LiSi,, additionally including Li;5Sis [44, 45], and one study
employed NEB migration barriers in kinetic Monte Carlo simulations of these four compounds [46].

All of these computational works dealing with lithium diffusion in Li,Si, have explored different
point-defect-mediated diffusion mechanisms, but they often consider only a limited range of com-
pounds or defects, or both. Another uncertainty concerns the selection of proposed diffusion pathways
for NEB calculations, many of which are speculative and based on crystallographic principles, rather
than obtained from AIMD simulations. In our recently published study [45], we sought to present a
comprehensive picture of intrinsic point defects—specifically, Li vacancies, Li interstitials, and a Schottky
defect—in four crystalline Li-Si compounds: Li; Sij, Lij;Siz, Lij3Siy and LijsSis. In this present work, we
add extrinsic defects to the picture in the form of larger isovalent substitutional (Na, Ge) and interstitial
(Na) atoms. While the effect of aliovalent P-doping on Li migration barriers has been studied in crys-
talline Si [23, 47], no extrinsic defects have yet been investigated in Li,Si,. Here, we explore meaningful
lithium diffusion paths in the presence of Na and Ge atoms by combining AIMD simulations with NEB
calculations.

2. Computational setup

2.1. Crystal structures

Figure 1 shows the crystal structures of all Li silicides studied here as supercells, as described in

section 2.2. In the supporting information (figures S1-S4), the supercells contain interstitial sites and
metastable positions, as detected in two previous works [44, 45]. Additionally, crystallographic Li sites
are labeled. In this study, VESTA [48] and VMD [49] are used for crystal structure visualization. Table 1
provides relevant crystallographic data. Li;Siy, Lij;Si;, LijsSiy, and LijsSiy were considered here, since
they are the reported crystalline Li—Si compounds without partially occupied Li sites for Li/Si ratios up
to 3.75, the highest value observed during electrochemical lithiation.
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(a)

Figure 1. Crystal structures of (a) Li; Sii, (b) Li1»Si7, (c) Lii3Sis and (d) Li5Sis (Li: blue, Si: yellow). Reproduced from [45].
© The Author(s). Published by IOP Publishing Ltd. CC BY 4.0.

Table 1. Crystallographic data for lithium silicides included in this study. Reproduced from [45]. © The Author(s). Published by IOP
Publishing Ltd. CC BY 4.0.

Compound xly Space group No. Li No. Si a(R) b(A) c(R) Reference

Li; Siy 1.00 88 (I41/a) 16 16 9.354 9.354 5.746 [10]
Li1»Siy 1.71 62 (Pnma) 96 56 8.600 19.755 14.336 [11]
Li13Sia 325 55 (Pbam) 26 8 7.949 15.125  4.466 [13]
Li15Sia 3.75 220 (I43d) 60 16 10.687  10.687  10.687  [9]
Table 2. Summary of the investigated systems with extrinsic point defects.
Compound Defect System Compound Defect System
Naj; Na @ Lil Naj; Na @ Lil
Li; Sip Naj Na @ Intl Na @ Li2
Na @ Int2 Lo Na @ Li7
L113SI4
Geg; Ge @ Sil Naj Na @ Li2*
Naj; Na @ Lil Na @ Lil/Li2"
Na @ Lil2 Na @ Int
LiizSiz NaX Na @ Intl Gel, Ge @ Si2
Na @ Int2 Naj; Na @ Lil
Geg; Ge @ Si8 Li;5Sis Na @ Li2
Naj Na @ Int
Geg; Ge @ Sil

2 One Na atom and one Li atom located at 1 X Li2 (= split/dumbbell interstitial).
b One Na atom and four Li atoms located at 2x Lil and 2x Li2 (= crowdion-like interstitial).

Li;Sij [10] has a tetragonal structure with a single crystallographic site for Li and Si, respectively,
while Li;5Siy [9] is cubic with two distinct Li sites and one Si site, making both compounds highly sym-
metric. In contrast, Li;;Si; [11], with 13 Li sites and 9 Si sites, and Lij3Siy [13], with 7 Li sites and 2
Si sites, are orthorhombic and exhibit lower overall symmetry. Various Si’~ polyanions are present in
the Zintl-like Li,Si, phases [19, 20]. These Zintl ions include a network of threefold coordinated Si in
Li;Siy [10], planar Sis rings and Siy stars in Lij;Si; [11], Si; dumbbells and isolated Si in Li;3Sis [13],
and solely isolated Si in Li;sSis [9].

2.2. Investigated systems with point defects

All studied systems are presented in table 2, with additional details on their lattice constants provided

in tables S1-S4 of the supporting information. The corresponding .xyz files are available as supplement-
ary data. The systems were set up as supercells from their respective primitive cells according to: 2 x 2
x 2 for Li;Sij, 1 x 1 x 1 for Lij,Siy, 2 x 1 x 3 for Lij3Siy, and 2 x 2 x 1 for Li;5Sis. Extrinsic point
defects were then introduced into the resulting supercells as larger Na and Ge atoms. Isovalent Na and
Ge were chosen so as not to alter the electronic structure by adding excess electrons or holes, but to isol-
ate the effect of atomic size. For each Li-Si compound, systems containing either a Na interstitial (Na})
or a substitutional atom (Naj; or Gej;) were created. Interstitial sites and metastable positions were iden-
tified by combining visual inspection of ab initio MD trajectories from two previous studies [44, 45],
geometrical analysis, and a method based on a repulsive pair potential [50]. The fractional coordinates
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of these sites are listed in table S5 of the supporting information. For each defect within each com-
pound, the first system in table 2 serves as the starting structure for the AIMD simulation. Through dif-
fusion within the simulated trajectory, the defect may migrate to a different lattice site.

2.3. Electronic structure and simulation methods

Density functional theory (DFT) [51, 52] calculations were carried out within the CP2K software
package [53, 54]. The Kohn—Sham equations [52] are solved by the Quickstep (QS) module [54, 55]

of CP2K using the Gaussian plane wave (GPW) method [56]. This method employs atom-centered
Gaussians as a basis for the orbitals and plane waves as an auxiliary basis for the electronic density. For
the calculations, the DZVP-MOLOPT-SR-GTH basis set [57] and GTH-PBE pseudopotentials [58—60]
were applied. The plane-wave energy cutoff was set to 350 Ry, with a relative cutoff of 40 Ry. Given the
large supercells, only the I' point was sampled. Periodic boundary conditions were used in all calcula-
tions. The Perdew—Burke—Ernzerhof (PBE) functional [61, 62] was utilized for the exchange-correlation
(XC) energy, with dispersion corrections included via the DFT-D3 method [63]. Although hybrid func-
tionals are often adopted to improve the calculation of various physical properties [64, 65], methodolo-
gical studies show that they are not guaranteed to outperform GGA functionals for metallic systems [66,
67]. Fermi-Dirac smearing [68] was applied at an electronic temperature of 600K, and convergence of
the self-consistent field (SCF) procedure was achieved using Broyden mixing [69] with a mixing para-
meter a=0.2. The SCF convergence criterion was set to 107°.

The lattice constants and atomic positions of the systems, whose preparation is discussed in
section 2.2, needed to be relaxed prior to the AIMD simulations and NEB calculations. The Broyden—
Fletcher—Goldfarb—Shanno (BFGS) minimizer [70-73] was employed to perform all geometry and cell
optimizations in this study. At zero temperature and 1 atm pressure, the cell parameters and atomic
coordinates of the supercells without defects, as well as those of all systems with defects, were initially
fully relaxed. A correction factor, derived from the ratio of experimental (see table 1) to calculated lat-
tice parameters of the systems without defects, was used to scale the calculated lattice parameters of
the defect-containing systems. This approach corrects both the inaccuracies of the electronic structure
method during cell optimization and the effects of thermal expansion. The cell parameters of the sys-
tems without defects were scaled in the same way to match the experimentally measured ones. Then, the
atomic positions of all systems were fully re-optimized with the scaled lattice constants fixed, to create
an initial configuration for AIMD simulations and NEB calculations.

For the calculation of defect formation energies and elastic constants, the atomic positions and lat-
tice constants were again optimized for all systems, both with and without defects, at a higher level of
theory. Modified DFT parameters included TZVP-MOLOPT-GTH (Si), TZVP-MOLOPT-SR-GTH (Li,
Ge) and TZVPd-MOLOPT-SR-GTH-q9 (Na) basis sets, no dispersion correction, and a Monkhorst-Pack
k-point sampling scheme [74] for Brillouin zone integration. The meshes are provided in supporting
information, table S6. Equation (1) was used to obtain the defect formation energies [64],

Eform (defect) = E (defect) — E (bulk) — Z 1; i (1)

The energies of the systems with and without defects are represented by E(defect) and E(bulk),
respectively. The number of atoms of element i removed or added to convert the defect-free system into
the defect-containing one is denoted by n;, while u; corresponds to the chemical potential of a single
atom. Here, p; is approximated by the energy of an atom in a fully relaxed supercell of the crystalline
element i (Li, Si, Na, Ge). Applying a well-established stress—strain methodology from the literature [75],
the elastic constants were calculated, as outlined in section S1.1 of the supporting information.

AIMD simulations were carried out in a canonical ensemble (NVT) at 500 K for Li;,Si; and
Li;3Si4, and at 800 K for Li;Si; and Lij5Sis. Temperature control was provided by a Nosé-Hoover chain
thermostat [76, 77], and a time step of 1fs was chosen. Equilibration was performed using massive ther-
mostatting with a time constant of 7 = 10fs for 1 ps. After an additional 1 ps with 7 = 100fs, a 100 ps
trajectory was generated for analysis using global thermostatting with 7 = 100 fs. The mean square dis-
placements (MSDs) were used to calculate the diffusion coefficients; for further details, refer to section
S1.2 in the supporting information.

Climbing image [78] NEB [79-82] (CI-NEB) calculations were performed on the atomistic migration
paths obtained from the AIMD simulations. Including fully relaxed initial and final atomic configura-
tions, that were fixed for the NEB calculation, 16 replicas were used to map each path.
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Table 3. AIMD simulation results for Li diffusion coefficients Dy; / (107> A2 ps™! = 1077 cm? s™!) in crystalline lithium silicides with
extrinsic defects: 500 K data for Li;»Si; and Li;3Sis, 800 K data for Li; Si; and Li;5Sis, values for systems without non-stoichiometric
defects taken from [44].

Compound Stoichiometric [44] Nay; Naj Geg;
Li; Siy 0.0 0.0 0.5 0.0
Lii2Siy 11.6 13.1 12.3 18.4
Lii3Sis 39.5 17.6 34.1 93.4
Liy5Sis 0.2 0.0 15.9 0.0

3. Results and discussion

3.1. Substitutional Na atoms

AIMD simulations were performed to determine Li diffusivities in Li,Si, in the presence of extrinsic
point defects (see section 2.2 for details of the simulation cells). Simulations were carried out at 500 K
for Lij;Si; and Lij3Siy, and at 800 K for Li;Si; and LijsSiy, since previous results showed that 500K is
insufficient to observe diffusion in the latter two compounds [44, 45]. These temperatures were chosen
to match those used in our earlier studies, allowing direct comparison [44, 45]. Figures S5-S7 in the
supporting information show representative plots of temperature and the conserved quantity versus sim-
ulation time, demonstrating the stability of the systems.

Using equation S5, the diffusion coefficients Dy; were calculated from the Li MSDs (see supporting
information, figure S8) and are compiled in table 3. For comparison, the values for systems without
non-stoichiometric defects were taken from [44]. Those results were discussed alongside previously
experimentally measured values in two recent studies [44, 45]. In conclusion, stoichiometric systems
of Li;,;Si; and Li;3Siy exhibit higher Li ion conductivities than Li;Si; and Li;sSis. This arises from low-
energy diffusion pathways due to Frenkel disorder in Li;,Si; and due to a transition to a metastable
structure in Lij3Siy.

Li diffusion coefficients for the four compounds with a substitutional Na atom are reported in
table 3. Zero diffusion is observed in Li;Si; and Li;5Sis, whereas Li;,Si; and Lij3Si4 exhibit fast ionic
conduction. Overall, Li diffusivities remain similar to those in stoichiometric systems, with the only sig-
nificant decrease—halving—occuring in Li;3Sis. For comparison, Dy; for in-plane diffusion in the com-
mon anode material graphite is 4.4 x 107 cm?s~! [83], and 107® to 107> cm?s~! for diffusion in the
superionic conductor Lij0GeP,S1, (LGPS) [84]. Thus, the Li diffusivities in Li;;Si; and Li;3Siy are com-
parable to these fast ionic conductors. The Na diffusion coefficient Dy, is 0.0 in Li;Si; and Li;5Siy, 15.4
in Li};Siz, and 10.7 in Li;3Siy, all values in 1073 A2 ps~!. Thus, Na atoms diffuse on a scale comparable
to Li. Spatially resolved Dy;, which characterize diffusion (an)isotropy, are provided in table S7 of the
supporting information. Diffusion remains anisotropic in Li;,;Si; and quasi one-dimensional in Li;3Siy,
showing no fundamental differences from the stoichiometric systems. Only one observed diffusion step
in Lij3Siy has components in both the y and z directions, see table S15 in the supporting information.

The contribution of individual crystallographic sites to overall ion mobility can be quantified using
the protocol detailed in [44]. For each Li.Si, compound, the lattice is represented by the relaxed atomic
positions of the stoichiometric system, including metastable positions and interstitial sites. Red lines con-
nect pairs of lattice sites where atomic jumps are observed in the MD trajectory, and the line thickness
reflects the jump count on a logarithmic scale. Figure 2 illustrates this analysis for Li;3Siy, while the
corresponding results for Li; Sij, Li;;Si; and Li;5Siy can be found in figures S9-S11 of the supporting
information.

In two previous studies, the mobility of distinct Li sites was thoroughly explored in stoichiometric
systems [44] and in systems with intrinsic defects [45]. Stoichiometric Li;Si; and Li;sSiy exhibit only
immobile sites on the AIMD timescale, whereas Li;;Si; and Li;3Sis have sites with mobilities ranging
from immobile to highly mobile. Upon introduction of intrinsic defects, more Li sites become mobile in
all four Li,Si,, and the degree of mobility depends on the particular site and compound. Here, we focus
solely on outlining the changes caused by extrinsic defects. In systems with a substitutional Na atom, no
jumps were detected in Li;Si; and Li;sSis, consistent with the Dy; values discussed above. Li;,Si; exhibits
many jumps reflecting anisotropic diffusion similar to that of the stoichiometric system, with certain
new (Li5-Lil2, Li7-Li8, Li7-Lil1, Li7-Li12, Li11-Li13) and missing (Lil-Int1, Li8-Li9) connections, that
could indicate energetic effects of the Na atom on other diffusion paths. Note that the most frequent
Na position in the AIMD trajectories is colored green in the figures. In Li;35is, many jumps follow the
known highly anisotropic pattern, matching the stoichiometric system except for a few detection errors.
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(a) stoichiometric (b) substitutional Na C (d) substitutional Ge

Figure 2. Atomic jumps between pairs of lattice sites (red lines) in AIMD simulations of Li;3Si4 systems with (a) no non-
stoichiometric defect [44], Reproduced from [45]. © The Author(s). Published by IOP Publishing Ltd. CC BY 4.0. (b) A sub-
stitutional Na atom, (c) an interstitial Na atom, and (d) a substitutional Ge atom. Li sites are shown in blue, Si sites in yellow,
metastable or interstitial sites in violet, the most frequent site of Na in green, and the Ge site in pink.

Sections 2.1 and 2.2 provide details on the Li,Si, crystal structures, including the crystallographic Li
and Si sites as well as metastable positions and interstitial sites. For the AIMD simulations, initial con-
figurations were generated by substituting Na for Li at a Lil site in all four compounds. Subsequently,
Na did not migrate in Li;Si; and Li;5Sis. In Lij;Si7, Na moved to an adjacent Intl site in the initial geo-
metry optimization, thereby creating a Lil vacancy, and then migrated between Intl and Lil2 in the MD
trajectory. In the Li;3Siy trajectory, Na hopped between Lil, Li2 and M2 sites before becoming immobil-
ized on Li7.

To achieve a comprehensive atomistic picture of cation mobility, diffusion paths for both Li and
Na—extracted from the AIMD trajectories or proposed on theoretical grounds—were further investig-
ated using NEB calculations. The migration mechanisms and resulting energy barriers are summarized in
tables S11 and S15 of the supporting information, and the fully relaxed paths with their energy profiles
are provided as supplementary data (.xyz and .txt files, respectively). Path names are consistent with [45]
for direct comparability. For clarity, paths within each compound are numbered sequentially, and corres-
ponding paths in different systems share the same number. In non-stoichiometric systems, a suffix *_def’
denotes defect migration, ‘_near’ indicates that at least one migrating atom is within 3 A of the defect,
and ‘_far’ marks paths occurring more than 3 A from the defect.

Migration of substitutional Na atoms follows pathways previously identified for Li atoms showing
various diffusion mechanisms [44, 45], with energy barriers ranging from 0.04 eV to 0.26 ¢V in Li;;Siy
and from 0.00eV to 0.72 eV in Li;3Siy. In Lij;Siy, this includes Frenkel-pair formation and subsequent
vacancy jumps with migration energies of 0.13 eV and 0.04 eV (path (39)_def), followed by an intersti-
tialcy pathway Nap,, — Lil2 — Lil2 — Intl with barriers of 0.20eV and 0.26 eV (path (27)_def). In
Li;3Sis, Na migrates via the same collective, chain-like motion reported in [43—45], here represented by
paths (44)_I_def _a and (44)_I_def b, exhibiting low barriers of 0.00 eV to 0.09 eV. Path (58)_def shows
a five-ring mechanism with higher barriers of 0.72 eV and 0.69 eV typical of non-defect collective diffu-
sion, ultimately immobilizing Na on Li7. A detailed comparison of Na versus Li migration energetics is
given in section 3.2, along with systems with interstitial Na atoms, where interstitial Na relaxes onto a
regular lattice site, creating a Li interstitial and effectively becoming substitutional Na. Li migration bar-
riers in representative fast-ion conductors range from 0.28 to 0.30 eV for in-plane diffusion in graphite
[83] and from 0.17 to 0.28 eV for Li;(GeP,S;, [84]. These values are comparable to those computed for
several paths in Li;;Si; and Li;3Si4.

The bulk and shear moduli of all crystalline Li-silicide systems were derived from their elastic con-
stants, which were determined following the procedure in section S1.1, and are listed in table 4. As the
Li/Si ratio increases and the Si-Si connectivity diminishes, both moduli decrease, indicating progressive
softening. In particular, the Si-Si bonding network renders Li; Si; notably stiffer than Li;,Si;, Li;3Siy and
Li;5Si4. The bulk modulus of polycrystalline graphite is 7.3 to 10.7 GPa [85], and that of Li;0GeP,S;; is
27.3 GPa [86], making the crystalline Li-Si compounds less compressible than soft graphite, but rather
moderately stiff compared with typical solids. Although there is no simple correlation between the elastic
moduli and the Li diffusivity Dy; across different compounds, defect-induced changes in lattice stiff-
ness can alter migration barriers within a compound, as discussed for intrinsic defects in Li,Si, in [45]
(see also the cBS2 model [87]). Substituting a Na atom into the lattice lowers the bulk moduli Ky by
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Table 4. Voigt-averaged bulk moduli (Kv, in GPa) and shear moduli (Gy, in GPa) of Li,Si, systems, including both stoichiometric

compositions [45] and those with extrinsic defects.

compound system Ky Gy compound system Ky Gy
stoichiometric [45]
Li; Siy 52.9 389 Lii3Si4 32.7 29.3
Lii»Siz 37.4 339 Lii5Siy 30.2 23.1
Nay;
Li; Siy Na @ Lil 52.5 38.5 Li3Siy Na @ Lil 35.3 30.6
Li;»Siy Na @ Lil 36.5 33.1 Na @ Li2 32.6 29.2
Na @ Lil12 36.0 33.3 Na @ Li7 30.4 29.6
Lij5Sig Na @ Lil 29.6 229
Na @ Li2 29.1 22.7
Na
Li; Siy Na @ Intl 52.8 37.7 Lii3Siy Na @ Li2* 32.7 28.6
Na @ Int2 52.3 38.0 Na @ Lil/Li2® 33.6 28.2
Li;»Siy Na @ Intl 35.6 33.2 Na @ Int 32.9 31.9
Na @ Int2 36.7 32.5 Lii5Siy Na @ Int 29.4 22.8
Gey;
Li; Siy Ge @ Sil 52.7 38.6 Li3Si4 Ge @ Si2 32.6 29.4
Li;»Siy Ge @ Si8 37.0 33.6 Lii5Siy Ge @ Sil 30.2 23.1
2 One Na atom and one Li atom located at 1 X Li2 (= split/dumbbell interstitial).
b One Na atom and four Li atoms located at 2x Lil and 2x Li2 (= crowdion-like interstitial).
Table 5. Energies of extrinsic defect formation (Eform, in eV) in Li,Si, systems.
Compound System Eform Compound System Eform
Nay;
Li; Siy Na @ Lil 0.60 Li13Si4 Na @ Lil 1.07
Lii»Siz Na @ Lil 0.54 Na @ Li2 0.72
Na @ Lil12 0.34 Na @ Li7 1.14
Li;5Si4 Na @ Lil 0.53
Na @ Li2 0.61
Na}
Li; Siy Na @ Intl 2.23 Li3Si4 Na @ Li2* 1.08
Na @ Int2 1.30 Na @ Lil/Li2" 1.33
Lii»Sizy Na @ Intl 0.25 Na @ Int 0.59
Na @ Int2 0.32 Lij5Siy Na @ Int 0.67
Geg;
Li; Siy Ge @ Sil —0.14 Li3Si4 Ge @ Si2 —0.45
Lii»Siz Ge @ Si8 —0.37 Li;5Sis Ge @ Sil —0.47

? One Na atom and one Li atom located at 1 X Li2 (= split/dumbbell interstitial).

b One Na atom and four Li atoms located at 2x Lil and 2x Li2 (= crowdion-like interstitial).

—0.4 ... —1.4GPa and the shear moduli Gy by —0.2 ... —0.8 GPa, compared to defect-free Li;Si;, Li;;Si;
and Li;5Siy, indicating softening. In Li;3Sis, the effect depends on the lattice site: AKy ranges from +2.6

to —2.3 GPa and AGy from +1.3 to —0.1 GPa, reflecting either stiffening or softening.

In addition to defect migration energies, quantifying defect concentrations via their formation ener-
gies is essential for evaluating their impact on diffusion. These energies were calculated for all extrinsic
defects as described in section 2.3 and are presented in table 5. For substitutional Na atoms, the values
are moderate and range from 0.3 to 0.5eV in Lij;;Siz, 0.5 to 0.6 eV in Li;5Sis, 0.6 €V in Li;Sij, and 0.7 to

1.1eV in Li13Si4.

Opverall, substitutional Na atoms do not significantly alter diffusion in the compounds studied. Li
diffusion coefficients and anisotropies remain essentially unchanged from the stoichiometric systems,
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and Na diffusivities are of the same order as Dy;. Consequently, no diffusion is observed in Li;Si; and
Li;5Sig, whereas low-energy migration paths in Li;;Si; and Li;3Sig enable fast diffusion. Moreover, on
most lattice sites, substitutional Na atoms soften the lattice, and their moderate formation energies imply
that they can form in non-negligible concentrations at equilibrium with a Na reservoir.

3.2. Interstitial Na atoms

Li diffusivities in Li,Si, systems initially containing a Na interstitial are reported in table 3. The AIMD
simulations show that a Na interstitial is unstable in all four compounds: within the first few pico-
seconds, Na substitutes a Li atom, creating a Li interstitial and a substitutional Na atom. Hence, the
observed diffusivities can be viewed as those of a Li interstitial combined with a substitutional Na atom,
see [45] and section 3.1. Values of Dy; are consistent with those of systems with only Li interstitials: high
in Li;Siz, Lij3Siy and LijsSiy, and lower, but non-zero, in Li;Si;. Thus, Li interstitials promote diffu-
sion in Li;Si; and Li;sSiy, but have no significant impact on diffusivity in Li;;Si; and Li;3Sis, whether
compared to the stoichiometric systems or to those containing only substitutional Na atoms. The Na
diffusivity Dy, / 107> A2 ps™! is 0.1 in Li;Si; and Li;,Siy, 0.5 in Li;3Sig, and 0.0 in Li;5Sis, confirming
immediate Na immobilisation on a regular lattice site. This occurs even more rapidly than for substitu-
tional Na defects (see section 3.1), implying a dependence on the initial Na site. Values of Dy, D, and D,
are given in table S7 of the supporting information. Li;Si; diffusivity is too low for anisotropy analysis.
The (an)isotropies again match those for Li interstitials discussed in [45]: diffusion is isotropic in Li;5Sis,
and anisotropic in Li;»Si; and Li;3Siy, with Li;,Si; showing altered D,/D,/D, ratios and Li;3Si4 exhibiting
a new low D, and medium D,, compared to the stoichiometric systems.

Jumps between lattice sites are shown in figures 2(c) and S6-S8. As discussed for Li interstitials
in [45] and consistent with Dy;, no jumps were detected in Li;Si;, whereas numerous jumps occur in
Liy,Si7, Lij3Siy and LijsSis. In Lij;Siz, notable missing connections—Nayi;-Int, Lil-Int (around Nayj;,),
Li8-Li9, Li8-M1, Li9-M2 and Li9-Lil0 - suggest that Na hinders certain migration paths. In Li;3Sis, dif-
fusion is strongly anisotropic: the Lil-M1, Lil-M2, Li2-M2 and Li6-Int connections along the x-direction
are highly populated, while Li3-Int jumps in the z-direction occur moderately frequently. In Li;5Si4, the
Lil-Lil, Lil-Li2, Lil-Int, Li2-Int and Int-Int connections cause isotropic diffusion.

Relevant interstitial sites in the Li,Si, compounds were identified as described in sections 2.1 and 2.2.
All four Li silicides have either one (Li;3Siy, Lij5Sis) or two (Li;Siy, Lij,Siy) regular interstitial sites; addi-
tionally, split interstitials and crowdion-like interstitials can form in the cation sublattice of Li;3Si4. For
the AIMD simulations, Na interstitials were initially placed on Intl in Li;Si; and Lij;,Si;, on Li2 (as a
split interstitial) in Li;3Sis, and on Int in Li;5Siy. Within the first few picoseconds —1.5 ps in Li;Sij, 2 ps
in Liy,Si7, 4 ps in Lij3Sis, and 2 ps in LijsSis—each Na interstitial substituted a lattice Li, forming a Li
interstitial on Int2, Intl, Int, and Int, and a substitutional Na atom on Lil, Lil2, Li7, and Lil, respect-
ively. Again, observed as well as theoretically constructed diffusion pathways were studied via NEB calcu-
lations; the corresponding results are compiled in tables S9, S12, S16 and S19 of the supporting informa-
tion and provided as supplementary data.

As observed for Li interstitials [45], Na interstitials also migrate via interstitialcy mechanisms. The
migration barriers for these paths are 0.30 and 1.29 eV in Li;Si;, 0.00 and 0.04 eV in Li;,Si;, 0.00 and
0.42 eV in Lij3Sis, and 0.03-0.58 eV in Li;5Sis. Na interstitialcy paths involve two atoms in Li;Si;, Lij,Si;
and Lij3Siy, and three atoms in Li;sSis. Direct interstitial Na hopping was also investigated in Li;Si; and
Li;5Siy, finding minimum barriers of 0.23 eV and 0.00 eV, respectively, making this mechanism, in prin-
ciple, possible in both compounds. However, the low dynamic stability of Na interstitials indicates that
additional barriers exist to populate these interstitials, making the low Na migration barriers observed
here rather irrelevant in practice. Discussing observed interstitialcy paths in more detail, in Li;Si; path
(3)_def_b corresponds to relaxation of Nay,; onto Lil and formation of Lip,,, with barriers of 0.30 eV
and 1.29 eV. In Liy,Si;, path (40)_def is the substitution of Lil2 by Nay, and creation of Lijy, show-
ing very low barriers of 0.04 eV and 0.00 eV. In Li;3Si4, path (48)_def involves Na from a split interstitial
on Li2 pushing an adjacent Li7 onto an interstitial site Int, with barriers of 0.00 eV and 0.42 eV. Finally,
in Li;5Siy several paths follow the pattern Nap,, — Lil — Lil — Int, see (62)_def to (64)_def; among
these, path (62)_def has the lowest barriers of 0.16 eV and 0.03 eV.

We now want to compare Na and Li migration energies from NEB calculations for Li,Si, systems
with extrinsic defects against those of the corresponding pathways in systems without extrinsic defects,
to quantify their impact on diffusion energetics. Migration barriers in systems with substitutional and
interstitial Na atoms are analyzed together here, since interstitial Na diffusion typically yields substitu-
tional Na atoms, as described above. Individual data for the systems discussed in section 3.1 and in this
section can be found in figures S12 and S13 of the supporting information, and the combined results are
shown in figure 3.
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Figure 3. Energy barriers for migration AEM: (a) Na atom diffusion, (b) Li diffusion near a Na atom (< 3 A), and (c) Li diffusion
farther from a Na atom (> 3 A), correlated with migration barriers AE; in systems without extrinsic defects. Black lines repres-
ent identity lines, red dashed lines show linear fits of the form y = mx + n, with (a) m=1.31, n=0.04, (b) m =1.10, n = —0.02,
and (¢) m=10.94, n=0.01.

In figure 3(a), the migration energies of substitutional and interstitial Na atoms are compared with
those of Li atoms in corresponding paths. On average, Na migration barriers are 31% higher, with most
data points at or above the identity line and showing substantial scatter. This can be interpreted as a
consequence of additional lattice strain during migration from Na’s larger atomic radius. Figure 3(b)
compares Li migration near a Na atom against Li diffusion near Li. For Li;,Si7, Li;3Sis, and Li;sSis, the
points cluster around the identity line; for Li; Si;, they lie above it. With up to 0.3 eV of spread, barri-
ers increase on average by 10%, again reflecting local strain due to Na’s larger size. Figure 3(c) shows Li
migration barriers at distances >3 A from a Na atom. Here, Na substitution lowers barriers by only 6%
on average, with data scattered within £0.2 eV of the identity line, showing that paths can either increase
or decrease in energy and underscoring the minor magnitude of this effect.

The bulk and shear moduli of crystalline Li,Si, with a Na interstitial are shown in table 4. Compared
with the corresponding systems containing a Li interstitial [45], bulk moduli Ky decrease by 0.0 ...

—0.8 GPa and shear moduli Gy by —0.2 ... —1.0 GPa in Li;Si;, Li;;Si; and Li;sSig. In Lij3Siy, the effect
depends on the interstitial position: Ky increases by +1.0 ... +0.3 GPa, while Gy varies between +2.5
... —1.3 GPa. Thus, Na interstitials soften the lattice even more than Li interstitials in Li;Si;, Li;,Si;

and Li;5Sis, whereas in Li;3Sis they increase Ky but have an ambiguous lattice effect on Gy. The mag-
nitude of softening in the first three compounds is comparable to that caused by a substitutional defect
Naf;, see section 3.1, which possibly contributes to the modest average barrier reductions discussed for
figure 3(c).

Interstitial Na formation energies are given in table 5. They range from approximately 0.3 eV in
Li}»Siy, to 0.6-1.3 eV in Lij3Siy, 0.7 eV in LijsSiy, and 1.3-2.2 eV Li;Si;. To examine the effect of spin
polarization on the energetics of Li,Si, systems containing Na interstitials, Efo were recalculated
using spin-polarized calculations. The resulting values differ by less than £0.05¢V from those obtained
without spin polarization, indicating that the effect is negligible in the studied systems. Compared with
the sum of the lowest formation energies for a Li interstitial [45] and a substitutional Na atom, the
lowest Na interstitial formation energy is higher by 0.45eV in Li;Sij, 0.12eV in Li;;Siz, and 0.16 eV in
Li;3Siy, but 0.08 eV lower in Li;sSis. Thus, in Li; Sij, Lij;Siz, and Lij3Siy, the combined Naj; + Lif con-
figuration is energetically favored over Naf, whereas the reverse is true in Li;5Sis. Although this thermo-
dynamic driving force explains the initial Lif; + Na} — Naj; + Li} process in Li;Si;, Li;;Si7, and Li;3Sis,
the same process occurs almost immediately in the AIMD simulation of Li;5sSis. This discrepancy may
reflect different effects, such as different levels of theory, entropic contributions, or energetic interac-
tions between Naj; and Li}. Overall, it can be concluded that Na interstitials are not stable in Li,Si,, but
instead form Li interstitials and substitutional Na atoms.

In summary, Na interstitials relax almost instantaneously—via two- or three-atom interstitialcy
paths—into substitutional Na atoms and Li interstitials. This Na immobilisation has near-zero migra-
tion barriers in Li;;Siy, Li;3Sis, and Li;5Sis, and a low-to-moderate barrier in Li; Sij; however, the energy
profiles are considerably asymmetric. Consequently, diffusivities and (an)isotropies are governed solely by
Li interstitials. On average, Na migration barriers are 31% higher than the corresponding Li-only paths,
and Li migration in the vicinity of Na atoms exhibits 10% higher barriers, both increases likely due to
Na’s larger atomic radius; by contrast, lattice softening possibly reduces migration barriers far from Na
by 6% on average.
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Figure 4. Energy barriers for migration AEM: (a) Li diffusion near a substitutional Ge atom (< 3 A), and (b) Li diffusion farther
from a substitutional Ge atom (> 3 &), correlated with migration barriers AEi‘ff in stoichiometric systems. Black lines represent
identity lines, red dashed lines show linear fits of the form y = mx + n, with (a) m =1.12, n = —0.01, and (b) m =0.92, n=0.01.

3.3. Substitutional Ge atoms

The Li diffusion coefficients for compounds containing one substitutional Ge atom are listed in table 3.
Liy,Si; and Li;3Sis remain good ionic conductors, whereas no diffusion was detected in Li;Si; and
Liy5Siy. Overall, Dy; is of the same order of magnitude in stoichiometric systems and those with substi-
tutional Na or Ge atoms, but it reaches its highest values in Ge-substituted Li;,Si; and Li;3Sis. Note that
the Ge atoms themselves do not migrate. Spatially resolved Li diffusivities are provided in table S7 of the
supporting information. In Li;,Si7, the diffusion anisotropy closely matches that of the stoichiometric
system. In Li;3Siy, Li diffusion is quasi one-dimensional, with only minor y- and z-components, similar
to the results observed in the Na-substituted system. For the Ge-substituted system, the diffusion paths
causing these components are unaffected in energy by the presence of Ge, see figure 4 and table S17.
Consequently, they should, in principle, also occur in the stoichiometric system with the same probab-
ility; their apparent absence there is most likely due to the limited time scale of the AIMD simulations.
Examples include the Frenkel-disorder paths (46) and (47).

Jumps between lattice sites are illustrated in figures 2(d) and S6-S8, with Ge atoms colored pink. In
Li;Si; and Liy5Siy, no jumps—apart from artifacts—were detected. In Li;;Si;, both the number and the
anisotropy of jumps closely match those of the stoichiometric system. Unlike in the Na-substituted com-
pound, no connections are missing in the Ge-substituted system. A few new, thin connections appear,
though they contribute negligibly to the overall diffusivity. In Li;3S5is, the jump pattern associated with
path (44) is observed again (Lil-M1, Lil-M2, Li2-M2), accounting for a large fraction of D,. Because a
Frenkel defect forms in this AIMD trajectory, unlike in the stoichiometric system, connections known
from the systems with Li interstitials [45] are also observed, as shown in figure 2(c). Specifically, these
are the Li3-Int jumps along z-direction and the Li6-Int jumps along x-direction from paths (49) and
(50), respectively. The component D, arises mainly from Frenkel defect formation paths (46) and (47).
Overall, a quasi 1D jump pattern along x-direction is obtained, as discussed above.

Ge atoms substitute Si atoms at lattice sites Sil, Si8, Si2 and Sil in Li;Siy, Li;»Siy, Lij3Sis and Li;js5Sig,
respectively. As with Si atoms, Ge atoms do not diffuse in the AIMD simulations. The results of NEB
calculations on the observed Li migration paths are given as supplementary data and in tables S13 and
S17 of the supporting information. The obtained migration energy barriers are further illustrated, relat-
ive to those in stoichiometric systems, in figure 4.

Figures 4(a) and (b) show the changes in migration barriers at distances within 3 A of a substitu-
tional Ge atom and beyond 3 A, respectively. On average, the barriers increase by 12% in the former
case and decrease by 8% in the latter, yet all data points lie tightly distributed around the identity line.
Although these trends could be attributed to the larger atomic radius of Ge and lattice softening, the
effects are quite minor, comparable in magnitude to those observed for Na, but exhibiting a smaller
spread, see figure 3. Note also that the limited number of compounds and data points reduces the sig-
nificance of these observations.

Elastic moduli for systems containing substitutional Ge atoms can be found in table 4. Relative to
the stoichiometric systems, the bulk moduli Ky change by £0.0 ... —0.4 GPa and the shear moduli Gy
by +0.1 ... —0.3 GPa, indicating at most a very slight lattice softening, that is consistent with the small
effect on migration energies discussed above. This softening is less pronounced than that caused by
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Figure 5. Lowest formation energies (in eV) of Frenkel defects (circles) and metastable structures (squares) in crystalline Li,Si,,
plotted against volume-normalized configurational crystal structure complexity (in bits/A3). Color coding indicates Li/Si ratio
from low (blue) to high (yellow). For compounds in which a metastable structure can form additionally to a Frenkel defect, solid
symbols denote the lower-energy structure, while transparent symbols denote the higher-energy one.

substitutional Na atoms. The formation energies for substitutional Ge are given in table 5 and range
from —0.1eV to —0.5 eV, implying essentially zero energetic cost for Ge substitution. Therefore, Ge
incorporation into the lattice is significantly more favorable than Na incorporation.

In summary, substituting Ge into the Si sublattice of Li.Si, has a negligible effect on Li diffusiv-
ity, diffusion anisotropy, and migration energy barriers near and far from the Ge atom. This finding is
consistent with the very slight lattice softening and the energetically favorable formation of Ge defects,
which likely stems from the almost negligible local lattice strain. Of the compounds considered, Li; Si;
and Li;5Siy show no diffusion, whereas Li;,Si; and Li;3Siy exhibit high Li diffusivities.

3.4. Li diffusion and crystal structure complexity

In the present work, as well as in two previous studies [44, 45], Li diffusion in crystalline Li,Si, was
investigated systematically. Nevertheless, no fundamental atomistic explanation for the vastly different

Li diffusivities among these compounds has been identified. In the following analysis, we include an
extended set of compounds from the Li-Si phase diagram to help establish such an explanation. In addi-
tion to those already discussed in this work (Li;Si;, Lij»Siz, Lij3Sis, LijsSis), we consider the most stable
superstructure of Li;Siz as discussed in [88], 8-Li;sSig [14], models A (LigSi) and B (Ligp5Si) of Lig1;Si
as proposed in [15], Liy;Sis [16], Lij7Siy [17], and Lip,Sis [18].

Since Li diffusion has been shown to be mediated by intrinsic defects and the variation in defect
formation energies exceeds that of migration energies—making Ef,rm, more decisive than AEM [44, 45]—
we now focus on Frenkel defect formation to assess Li diffusivity in stoichiometric Li,Si, systems. As
described in section 2.3, we computed the formation energies Efo, of all possible Li vacancies and inter-
stitials to identify the lowest Frenkel defect formation energy in each compound. Additionally, in Li;3Sis,
(B-Li;5Sis, and model B of Lis1;Si, a metastable structure can form by concertedly shifting a row of Li
atoms by half the Li-Li distance. The transition to these metastable structures also provides a pathway
for Li diffusion. Accordingly, their formation energies are also evaluated, each of which is lower than the
lowest Frenkel defect formation energy in the respective compound. All obtained values are presented in
table S20 of the supporting information.

The lowest Eg,, of a Frenkel defect or metastable structure is a measure of the number of defects
mediating Li diffusion in a stoichiometric system. Although a correlation between Eg,, and the Li/Si
ratio might be expected, none is observed. In addition, it was suggested in [45] that Li diffusivities
might correlate with compound formation energies. However, for the larger set of crystal structures
considered here, Eg,p,, of defects do not correlate with those of the compounds; see table S21 of the
supporting information for the respective values. Among the structural properties considered, only
the complexity of the crystal structure actually correlates with the lowest defect formation energy, see
figure 5.

The crystIT script [89] was used to calculate complexity parameters of the crystal structures based
on concepts proposed by Krivovichev in 2014 [90], extended by Hornfeck in 2020 [91], and further
developed by Krivovichev et al in 2022 [92]. These information-theoretical concepts are based on
applying Shannon entropy to crystal structures, and three complexity measures have been defined:
combinatorial, coordinational, and configurational complexity. To evaluate the information content of

11



10P Publishing

J. Phys. Energy 8 (2026) 015004 C Kirsch et al

Li,Si, crystal structures, we use the volume-normalized configurational complexity, Iconf,dens- This para-
meter, which includes both combinatorial and coordinational complexity, is normalized to the unit cell
volume and thus has units of bits per A%,

Figure 5 shows the lowest formation energies of Frenkel defects and metastable structures in Li,Si,,
plotted against Iconf dens Of the crystal structures. It is observed that Eg,,, decreases roughly linearly with
increasing complexity density between 0.1 and 0.5 bits/A%, and then plateaus at 0.01 eV for the two most
complex structures above 0.5 bits/A>. Note that this plateau arises from the existence of metastable struc-
tures in 3-Li;sSis and model B of Lig;Si, whereas Frenkel defects remain higher in energy.

Although a detailed investigation into the underlying causes of this nonobvious correlation is beyond
the scope of this study, we propose two qualitative considerations. First, high-complexity superstructures
of Li;Si; and Liy;Si were constructed to resolve partial occupancies of crystallographic Li sites, resulting
in intrinsic vacancies at those sites that remain unoccupied. These vacancies provide low-energy sites for
Frenkel defect formation in Li;Si; and for metastable structure formation Liy;Si (model B). This fairly
direct correlation between high complexity and low defect formation energy holds for only two of the
compounds. Second, one might argue that the lower a crystal structure’s complexity, the more ‘perfect’ it
is—and the more energy is required to introduce a defect into its more perfect lattice. While this idea is
purely qualitative and grounded in chemical intuition, it may still guide future research.

In this work, we merely observe the correlation between defect formation energies in stoichiomet-
ric Li,Si, systems and crystal structure complexity, without offering a quantitative explanation. Based
on this observation, we predict that Lis 1151 (Iconf,dens = 0.53 bits/A%), described here by models A (LisSi)
and B (Liy12551), exhibits a low defect formation energy (< 0.20 V), preferentially of a metastable struc-
ture rather than a Frenkel defect. We again note that I.onf dens does not correlate with the Li/Si ratio. The
most obvious examples are Li;5Siy and its S-phase, which share the same Li/Si ratio but have vastly dif-
ferent configurational complexity densities of 0.12 and 0.57 bits/A, respectively. Therefore, we conclude
that crystal structure complexity is a better predictor of defect formation energy, at least in the Li-Si sys-
tem, and we want to draw attention to this parameter in materials design.

Experimental standard entropies for seven Li,Si, compounds are presented in [93]: one measured
directly in that work, and six drawn from previous studies. These measured thermodynamic entropy val-
ues correlate fairly well with the information theoretical values of I.onf dens (see supporting information,
table S21), considering additional experimental entropy contributions (electronic, vibrational, etc), fur-
ther validating the complexity concept applied here. The main drawback of our complexity analysis is
its small dataset of only 14 data points, however, the Li-Si phase diagram contains no additional com-
pounds. Thus, it would be valuable for future studies to evaluate the observed correlation in a broader
range of compound classes.

4. Conclusions

By combining AIMD simulations with NEB calculations, we have, to our knowledge for the first time,
thoroughly investigated several types of isovalent extrinsic point defects in crystalline lithium-silicon
compounds Li,Si, in the context of Li diffusion. We have analyzed the impact of substitutional Na and
Ge atoms as well as Na interstitials on the key migration pathways in Li;Si;, Li;;Siz, Lij3Sis, and Li;sSis.
Since Na interstitials were found to be unstable, it is concluded that larger size atoms are likely found

as substitutional atoms. Both substitutional Na and Ge atoms do not affect Li diffusivities or diffusion
anisotropies substantially. Thus, there is no diffusion observed in Li;Si; and Li;5Si4, but fast ionic con-
duction in Li;,Si; and Li;3Si4, as known from previous work. The local effect of substitutional atoms on
nearby Li diffusion paths is of the order of a 10% increase in migration barriers, that can be attributed
to larger atomic radii of Na and Ge causing local lattice strain. Overall lattice stiffness as measured by
elastic moduli tends to decrease with substitutional Na and Ge atoms. Although this softening is more
pronounced for substitution on the Li sublattice, it is correlated with a non-local less than 10% lowering
of diffusion barriers in both cases. Substitutional Na formation energies are significantly higher than for
Ge, probably due to larger local strain. As with Li, Na mobility strongly depends on the lattice site, with
migration energies of Na atoms being about 30% higher than those of Li atoms. Overall, the effects on
Li migration are rather minor. Transferring these findings to Si anodes under the assumption of similar
effects in amorphous Li,Si, actively doping either the cationic or anionic sublattice isovalently does not
appear useful to promote diffusion, but on the other hand impurities are not expected to inhibit it.

We have further detected an inverse correlation between crystal structure complexity and the form-
ation energies of Frenkel defects and metastable structures in stoichiometric Li,Si, systems. This finding
draws attention to the application of complexity parameters as predictive descriptors in materials science.
Since Li diffusivity has been studied exhaustively in crystalline lithium silicides by now, we proceed to
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investigate amorphous structures, with the ultimate aim to construct a multiscale model for simulation
of Li mobility in both crystalline and amorphous systems.
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